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Introduction
Silicon (Si) is viewed as one of the most promising materials to improve the energy capacity of lithium-ion batteries. Work by many groups demonstrates that nanoscale Si offers dramatic improvements in cycle life compared to bulk-scale Si (1, 2) . The reasons for this improvement have been explored from many angles, but more work is needed to clarify the precise reasons for this improvement. Specifically, studies of Si nanostructures anchored to a metal current collector such as copper or titanium (Ti) need further refinement and study to explore volume change and interface effects from the substrate.
Here, methods to produce precision amorphous Si nanopillars on a Ti substrate using microfabrication techniques including electron beam lithography and liftoff methods are described. The method is somewhat unusual in that the adhesion layer, Ti, is exposed to air prior to Si deposition and is quite thick, 500 nm. A similar approach has been used by other research groups (3). Presented here, using atomic force microscopy (AFM), Raman spectroscopy, focused ion beam (FIB), and scanning electron microscopy (SEM), is a detailed investigation of the size and shape, phase (amorphous or crystalline), and Si/Ti interface of the pillars.
Experimental
Titanium Deposition
We used Si wafers with a resistivity of 1-20 ohm-cm or 0.01-0.02 ohm-cm (the resistivity is chosen for particular end applications). Ti of 99.995% purity was deposited using an Evatek BAK 641 electron beam evaporator at either 0.2 or 0.05 nm/s operating at 1.9 x 10 -6 mbar initial background pressure. The thickness was monitored by quartz crystal.
Nanopattern Fabrication
After Ti deposition, the wafers were pretreated with 10 ml of liquid hexamethyldisilazane (HMDS) to promote adhesion by photoresist. The HMDS was removed by rotating the wafer at 2000 rpm for 40 s and then heating on a hot plate for 60 s at 110 °C. Next, approximately 5 ml of positive electron beam photoresist (ZEP 520A) was deposited on the wafer. The wafer was spun at 2000 rpm for 60 s and then baked on a hot plate for 180 s at 175 °C. The thickness of the photoresist was 389 nm as confirmed by stylus profilometry (Tencor).
The desired nanopillar pattern was transferred to the resist using electron-beam lithography (Vistec EBPG5000+ES). The pattern was generated using a beam at a 100-kV, 10-pA current and with a 300-µCcm -2 dose. Additionally, square Si pads used as guides when locating pillars for images were patterned using a 50-pA beam and 300-µCcm -2 dose. The write time for four samples per wafer composed of 1x10 6 pillars/sample was approximately 50 min. The resist was then developed for 90 s at 21 °C in xylenes and then was rinsed for 30 s in methyl isobutyl ketone (MIBK).
Silicon Deposition and Liftoff
Prior to deposition, a 5-min descum operation using an Anatech barrel asher was performed.
The power was tuned to 200 W and the gas flow was 400 sccm. After this descum, the resist thickness was 368 nm. Again using electron beam evaporation (Evatek BAK 641), Si (99.999%) was deposited at a rate of 0.2 nm/s. The thickness was monitored by quartz crystal. For liftoff, the wafer was immersed in acetone until most of the photoresist/Si had been removed. The wafers were then rinsed with acetone, methanol, isopropyl alcohol (IPA), deionized (DI) water, and transferred without drying to a Microposit 1165 photoresist remover and held at 80 °C for 2 h. The wafers were then rinsed in DI water and dried with flowing nitrogen. As a final step, a Metroline oxygen plasma etcher operating at 400 W and 500 sccm was used to help remove photoresist debris.
Characterization
AFM (either a Veeco Dimension 3100 or Agilent 5500) was used to measure heights and diameters of the pillars and roughness of the substrate. SEM (FEI environmental SEM) was used to investigate morphology of the pillars and a FIB microscope (FEI) was used to analyze the interface of the pillars. A Renishaw Raman InVia system with a 514 nm wavelength laser was used for Si phase analysis. In figure 2b , some residue can be seen near the 1000-nm pillars on the top row of the image. Initially, this was suspected to be photoresist residue and an oxygen plasma treatment (ash) was performed as an attempt to remove the photoresist. Figure 3a and b shows an AFM image of the pillars pre-and post-ash. The ash treatment does not appear to degrade the substrate or pillars since the heights remain similar. However, the residue is still present and the exact cause and composition of this residue is being investigated. It was found that with ultrasonic treatment during the lift-off process, the residue was not as prevalent; however, the ultrasonic treatment had a tendency to delaminate some pillars, as seen in figure 1a , and is not a preferred technique. This result seems to indicate the residue is redeposition of either photoresist or Si during the liftoff process. Tables 1 and 2 present the heights and diameters of the pillars pre-and post-ash. The averages are computed for 5-7 pillars and do not appear to be drastically different after the ash. Some of the difference arises from the inability to examine the exact same pillars after the ash or from slight tip degradation during scanning. Table 3 indicates the diameter of the pillars on the smooth Ti substrate. AFM is known to be extremely accurate in the Z-direction, but can have a tip broadening effect in the x,y direction.
Results and Discussion
Here it is shown that the AFM overestimates the diameter of the pillar since the pillar diameter is larger at full width at half maximum (FWHM) than even SEM shows for the base of the pillar. AFM can give the approximate slope of the sidewalls of the pillars though, and it is found to be around 60°. This agrees closely to the SEM image shown in appendix B, which has a measured angle near 51°. In the future, a more vertical sidewall is likely to be desired, which may be found by heat treatment of the photoresist (5) or perhaps working with poly(methyl methacrylate) (PMMA) rather than ZEP electron beam photoresists. Figure 5a shows an initial scan of a region of pillars. Figure 5b shows the second scan of the region and many pillars are missing as the tip passed over the sample initially. Figure 5c shows an SEM picture of the region after AFM imaging and it is obvious the pillars have been removed from the surface.
FIB milling of the samples was carried out to observe the interface of the Ti and Si for the 0.05-nm/s Ti. Figure 6a shows the as-fabricated 1000-nm-diameter pillar, figure 6b shows the pillars where FIB was used, and figure 6c shows the cross section of the 1000-nm pillar. A platinum (Pt) mask is deposited in the FIB to reduce damage caused by milling. The Si/Ti interface is observed to be uniform and smooth without gaps. The Si is also seen to be smooth and dense.
Lastly, to confirm the pillars are amorphous, Raman spectroscopy with a 514-nm laser was used. Figure 7 shows a Raman spectrum from the Si pillars and the peak centered near 480 cm -1 indicates the pillars are amorphous Si (6). 
Conclusion
Amorphous Si nanopillars are fabricated with a lift-off method using electron beam lithography. The pillars are deposited by electron beam evaporation on top of a Ti film. It is imperative that a smooth Ti film is grown for this method to yield Si pillars with good adhesion to the Ti. Using a slow deposition rate (0.05 nm/s) of Ti can achieve smooth (6.5 nm RMS) films that are 500 nm thick.
Appendix A. SEM Analysis of Sputtered Ti Film
Ti films were also obtained by sputtering using a CLC 200 Unaxis Clusterline DC magnetron Sputter Tool operating at 400 W, 5x10 -3 mbar, and 40 °C. SEM images in figure A-1 show very large grain sizes similar to the films deposited at 0.2 nm/s in the Evatek evaporator system. 
